Introduction 22
The comfort feeling of a building occupant depends on different interrelated environmental parameters. 23
Air quality, temperature, relative humidity or air distribution are amongst the most relevant (Mendell, 2003; 24 Wong et al., 2008) . One of these parameters, air pollution, was traditionally related only to the presence of 25 dangerous concentrations of chemicals in the atmosphere. Cleaning products, furniture, curtains, electronic 26 devices, etc. are important indoor sources of volatile organic compounds (VOCs) emissions, which are 27 amongst the most worrying pollutants. Nowadays, indoor concentration of bioaerosols is cause of health 28 concern as well. Moreover, confined air may present an elevated microbial content composed of a wide range 29 of bacteria, fungi and virus. This causes the so-called "Sick Building Syndrome" and the contamination of 30 the air in public facilities such as hospitals or manufacturing plants, causing health and quality control 31 problems. Taking into account that an average citizen spends most of his time indoors, there is a clear 32 demand for efficient air purification and disinfection systems to control the quality of the indoor air and also 33 for qualitative and quantitative analytical techniques able to characterize the indoor air quality and the 34 performance of these aforementioned systems. 35
In the field of air cleaning technologies, heterogeneous photocatalysis is a well established technology 36 widely investigated regarding the oxidation of many pollutants present in the indoor air (Blake, 2003) . 37
Nowadays more than 2000 companies commercialize different photocatalytic products (Fujishima and 38 Zhang, 2006) , mainly for self-cleaning applications. Although the bactericidal effect of photocatalysis is not 39 still well understood Benabbou et al., 2007) , this technology is gaining interest as an 40 alternative or a complement to other air disinfection technologies like the non-destructive filtration or 41 only the elimination of bacteria, but also of some virus, fungi and algae has been tested (Cho et al., 2005) . 48
Heterogeneous photocatalysis has been used for water disinfection with aqueous TiO 2 suspensions 49 (Benabbou et al., 2007; Sichel et al., 2007a) or cell suspensions on TiO 2 -coated substrates (Jacoby et al., 50 1998 ), but also for air disinfection (Keller et al., 2005; Guillard et al., 2008) . Some studies have evaluated the 51 effect of the type of photocatalyst and operating conditions, such as radiation (type, periodicity and intensity) 52 (Chen et al., 2009 ), temperature or humidity (Goswami et al., 1997) , but very few applied the technology in 53 realistic conditions: Grinshpun et al. (2007) investigated an air purification technique which combines 54 unipolar ion emission and photocatalytic oxidation in test chambers simulating a real room; Paschoalino et al. 55 (2008) selected a 67 m 3 meeting room to evaluate with real air the performance of a high flow rate UVC 56 photoreactor. However, in spite of the long time since both photocatalytic detoxification and disinfection 57 processes have been studied, the simultaneous elimination of chemical and biological pollution with UVA 58 photocatalysis has scarcely been reported. 59
The objective of this work was to study the photocatalytic and photolytic destruction of microorganisms 60 in real indoor air at laboratory scale and to prove the feasibility of simultaneous photocatalytic elimination of 61 chemical and biological pollution. With this purpose, analytical techniques were utilized to characterize 62 biological compounds in air (PCR) and simultaneous measurements of VOCs (automated thermal desorption 63 coupled to gas chromatography with mass spectrometry detection, ATD-GC-MS) were performed to evaluate 64 the efficiency of the photocatalytic treatment with different radiation sources. TiO 2 supported on transparent 65 polymeric monoliths was used as photocatalyst. These structures may be employed as an architectural 66 component in a future real application. 67 2. Material and methods 68 2.1. Photocatalytic system 69
The photocatalytic tests were performed in a single pass annular reactor made of borosilicate glass. 70
During the tests, the reactor was connected to either a pump (Gillian LFS-113-DC, 200 mL min -1 ) for VOC 71 sampling or to a high-flow portable air impactor (SAS DUO 360, International PBI, Italy, 180 L min -1 ) for 72 biological sampling; in the latter case, the photoreactor was attached to one of the two sampling heads, as 73 shown in Fig. 1 (left) , while the other was used as a control test. 74
Irradiation was provided by a low-pressure mercury lamp placed in axial position (Fig. 1, right) . 75
Fluorescent TL 8 W/05 or CLEO Compact 15 W FAM were used for UVA (λ max = 360 nm) and TUV 8 W 76 FAM or TUV 16 W FAM for UVC (λ max = 253.7 nm, no ozone generation) (Philips). TiO 2 was obtained by 77 sol-gel at low temperature as reported elsewhere (Sánchez et al., 2006) , by adding titanium isopropoxide 78 (TIP, Aldrich) to an aqueous solution of nitric acid in the proportion 900:6.5:74 (H 2 0:HNO 3 :TIP). 79 Subsequently, the suspension was stirred for 24 h and dialyzed to a final pH of 3.4. Polyethylene 80 terephthalate (PET) honeycomb structures of 9 mm × 9 mm pitch cross-section, 0.15 mm wall thickness and 81 45 kg m -3 density (WaveCore PET150-9/S, Wacotech GmbH. KG) were selected as a support. 82
Ten of these PET structures were coated with three TiO 2 layers, deposited by dip-coating technique at a 83 rate of 1.5 mm s -1 and dried at 50 ºC between layer depositions. The monoliths were placed in the 84 interannular space of the reactor and irradiated overnight to eliminate possible initial inactivation effects. 85
Lamps were powered for stabilization at least 30 min before the tests (Portela et al., 2007) . The reactor has an 86 internal diameter of 5.1 cm and the lamp diameter is 1.6 cm. The reactor has a 368 cm 3 catalytic bed with 87 1820 cm 2 of catalytic surface. 88 A series of experiments under continuous flow conditions were run in order to compare the 89 photocatalytic (with TiO 2 ) with the photolytic (without TiO 2 ) activity for real indoor air disinfection using 90 both UVA and UVC radiation of two different intensities. The feasibility of simultaneous photocatalytic 91 disinfection and detoxification during the test with the 8 W UVA lamp was explored. Blank experiments 92 without irradiation were performed as well, in order to study the effect of the presence of reactor, lamp, 93 monoliths and TiO 2 , and to evaluate the adsorption of bacteria on the reactor packing and walls. The 94 experiments were run in a laboratory room of 46 m 2 used by 5 people. During the experiments, windows and 95 door were closed in order to avoid the interference of airflows transferring bacteria, fungi and VOCs. 96
Temperature and relative humidity were monitored and oscillated between 22-26 ºC and 20-40%, 97 respectively. The flow characteristics during the samplings are collected in Table 1 . 98
Biological characterization 99
The air was sampled with an air impactor through two 219-hole sieved head plates and over 90 mm 100 Petri dishes at a flow rate of 180 L min −1 . According to preliminary tests, the sampling volume was adjusted 101 to 1800 L in the case of bacteria and 750 L in the case of fungi, in order to have adequate sensitivity avoiding 102 plate saturation. 103
The Petri dishes attached to the sampler heads contained growth medium for bacteria or fungi. 104 Bacterial samples were collected using Nutrient Agar (3 g meat extract, 10 g peptone, 5 g NaCl and 15 g agar 105 in 1 L distilled water, pH = 7.2-7.4) and incubated at 37 ºC for 48 h. Fungal samples were collected using 106
Malt Extract Agar (malt extract and agar, 20 g of each in 1 L distilled water, pH = 5.5 ± 0.2) and incubated at 107
Chemical characterization 128
The photocatalytic experiments were carried out feeding the reaction with the real air from the 129 laboratory. VOC samples were collected using stainless steel tubes containing Tenax TA as adsorbent and 130 connected to a pump (Gillian LFS-113-DC) that forced the air to pass through the reactor set up. The tubes 131 were placed in the reactor outlet under the influence of irradiation or without irradiation. The temperature and 132 relative humidity were the same than in the biological test. The experimental device was cleaned for 120 min 133 before sample acquisition to ensure steady state conditions. Reference samples from the laboratory indoor air 134 were taken in all the experiments. The VOCs were desorbed and analyzed by means of an ATD (ATD-Turbo 135
Matrix 650, Perkin-Elmer) connected to a GC/MS (6850 network GC system/5973, network mass selective 136 detector, Agilent) equipped with a HP-5MS column. Most representative compounds of different nature 137 (aromatic, aliphatic, terpenes, aldehydes, among others) were selected for calibration. The compounds were 138 identified using a reference mass spectra library (NIST-02) or reference compounds and quantified by 139 external standard. 140
Results and Discussion 141

Bactericidal activity during the first set of experiments 142
Results of blank, photolytic and photocatalytic tests are shown in Table 2 . Bacterial concentration in 143 control samples varied from 50 to 200 CFU m -3 . Bacteria elimination values are the mean values of six 144 repetitions. As expected, the incorporation of the photoreactor with the lamp to the air sampler in the dark did 145 not modify the bacterial concentration measured. Nevertheless, when PET monoliths, with or without TiO 2 , 146 were incorporated to the experimental device, there was a slight reduction in the bacteria concentration in the 147 reactor head, below 10%, attributed to adsorption on the monolith walls. 148 149 2a, the photolytic bactericidal effect of UVA irradiation was not competitive with that obtained with UVC, 150 which reduced the presence of bacteria in the air with an efficiency of 70 and 80% when the lamp power was 151 8 and 16 W, respectively. Logically, in the range studied higher irradiance enhances the photolytic activity 152 for both types of radiation. 153
The bactericidal effect promoted by the presence of the photocatalyst significantly increased the 154 disinfection attained with UVA irradiation to values similar to the UVC, which indicates that photocatalysis 155 with UVA radiation may be competitive with UVC photolysis for bacteria reduction in air. Taking into 156 account the high total flow selected and therefore the low residence time during the performance of the tests 157 (t r = 0.12 s), the results obtained are very promising. No beneficial effect of the photocatalyst was observed 158 in the case of UVC radiation. In this case the presence of TiO 2 seems to be detrimental for the disinfection 159 capacity. The absorption of radiation by the photocatalyst could be responsible for the lower photolytic rate. 160 SEM images and EDX analysis of the photocatalyst after the tests (Supplementary Material) revealed 161 the presence of adsorbed bacteria and rests of organic matter on the surface. Although the mechanism of 162 bacterial photocatalytic degradation is still not clear, some experimental work has been performed by other 163 authors to clarify this issue. Matsunaga et al. (1988) proposed that direct photochemical oxidation of 164 intracellular coenzyme A caused respiration difficulties that led to cell death. Later, Saito et al. (1992) 165 proposed that the TiO 2 photochemical reaction caused disruption of the cell membrane and the cell wall. 166 Sunada et al. (1998) found that endotoxins were destroyed under photocatalytic conditions. Maness et al. 167 (1999) concluded that TiO 2 photocatalyst damaged the lipid membrane. Subsequently, essential functions 168 that rely on intact cell membrane architecture, such as respiratory activity, were lost, and cell death was 169 inevitable. 170
Bactericidal activity during the second set of experiments 171
Regular repetitions of the disinfection experiments reported above were performed under the very same 172 experimental conditions. After several coincident results, a sudden decrease of the reactor efficiency was 173 observed with both UVA and UVC radiation and this low efficiency was maintained in further repetitions. 174
The experimental procedure was checked in an attempt to explain this efficiency decrease: brand new lamps 175 were used; temperature, humidity and irradiation of these lamps were measured and found to be similar to the 176 values obtained during the first set of experiments; new Nutrient Agar was prepared; the air samplers were 177 checked and then substituted by the model SPIN AIR V2 (IUL S.A., Barcelona, Spain), which works with 178 lower air flow (100 L min -1 ) and, according to tests performed in the laboratory, is more precise Muñoz et al., 2011). The efficiency values were always low, as shown in Fig. 2b , even with UVC lamps, with 180 around 30% of bacterial destruction against the 60-80% found in the previous tests. Some of these species have special properties that could explain their resistance to the treatment. For 208 instance, Bacillus sp. are spore-forming bacteria, which make them able to resist harsh conditions like heat, 209 desiccation, radiation or disinfectants. The dormant spores are able to survive thousands if not millions of 210 years (Atrih and Foster, 2002) . M. luteus can be found in human skin, water, dust and soil and their cells can 211 live for long periods (Greenblatt el al., 2004) . Evidences support the view that this specie (and related 212 members of the genus) has numerous adaptations for survival in extreme nutrient-poor environments; this 213 trait will assist in the bacteria persistence and its dispersal in the environment. C. flaccumfaciens is very 13 resistant to drying and can remain viable for up to 24 yr stored in the laboratory. It has been known to survive 215 in soil for at least two winters (EPPO ⁄ CABI, 1997). 216
Our group is currently working on new photoreactor configurations in order to repeat and improve the 217 efficiency results. But from our point of view, it is very important to point out that the differences found 218 between the first and second set of experiments show that the scientific community should be very careful 219 when talking about indoor air microbial characterization and disinfection in realistic conditions. 220
Fungicidal activity 221
The analysis of the indoor air showed the presence of several fungal species, mainly of the genera 222 Cladosporium, Alternaria, Aureobasidium, Penicillium, Mucor and yeasts, which are commonly found in 223 indoor air and food (Samson, 2004) 
VOCs elimination 236
Samples for VOC analysis were taken at three different photocatalytic experiments using UVA 237 radiation. Figure 3 shows an example of the chromatograms obtained for the inlet and outlet of the reactor. 238
Data obtained with control samples were similar to those given from the air passing through the reactor with 239 the light off, indicating that VOCs come from the indoor air and not from the experimental device. The 240 chromatograms show the presence of many VOCs similar to those founded by Hippelein et al. (2004) . The presence of aromatic compounds was related to the road traffic from outdoors. In some cases, 252 benzene was detected in low concentration. Its presence is especially relevant due to the toxic character of 253 this compound. Ethylbencene and xylene are used as additives in paints adhesives and varnish (Claeson et al., 254 2007) . Some aliphatic compounds between C7-C18 were identified, among them, heptane was the one of the 255 VOCs analyzed that presented the lower conversion. Considering the C 0 values included in Fig. 4 , the 256 fact could be related to its lower reaction rate, but other factors such as its low molecular weight associated to 258 diffusion limitations can not be rule out. Aliphatic compounds are classic solvents found in several product 259 used for building construction and renovation. Moreover cyclic terpenes such as -limonene and -pinene 260 were also identified. These terpenes are added in cleaning products, food industry and, in the latter case, 261 wooden products. The presence of siloxanes has been described in the literature but their origin is unclear 262 (Shields et al., 1996; Schweigkofler and Niessner, 1999) . The siloxanes can be released form furniture 263 coatings, deodorants, cosmetic and adhesives (Bosc et al., 2006) . The results obtained in this study clearly 264
indicate that under UVA irradiation the TiO 2 based material was able to efficiently destroy a large variety of 265
VOCs that include aliphatic and aromatic compounds, terpenes, oxygenated compounds and siloxanes at ppb 266 levels. 267
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Biological characterization 99
After incubation, the colonies were counted. The concentration of microorganisms in the air, expressed 109 in CFU m -3 , was calculated using Eq. 1 110 
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Bactericidal activity during the first set of experiments 142
The bactericidal effect promoted by the presence of the photocatalyst significantly increased the 154 disinfection attained with UVA irradiation to values similar to the UVC, which indicates that photocatalysis 155 with UVA radiation may be competitive with UVC photolysis for bacteria reduction in air. Taking into 156 account the high total flow selected and therefore the low residence time during the performance of the tests 157 (t r = 0.12 s), the results obtained are very promising. No beneficial effect of the photocatalyst was observed 158 in the case of UVC radiation. In this case the presence of TiO 2 seems to be detrimental for the disinfection 159 capacity. The absorption of radiation by the photocatalyst could be responsible for the lower photolytic rate. 160 SEM images and EDX analysis of the photocatalyst after the tests (Supplementary Material) revealed 161 the presence of adsorbed bacteria and rests of organic matter on the surface. Although the mechanism of 162 bacterial photocatalytic degradation is still not clear, some experimental work has been performed by other 163 authors to clarify this issue. Matsunaga et al. (1988) proposed that direct photochemical oxidation of 164 intracellular coenzyme A caused respiration difficulties that led to cell death. Later, Saito et al. (1992) 165 proposed that the TiO 2 photochemical reaction caused disruption of the cell membrane and the cell wall. 166 Sunada et al. (1998) found that endotoxins were destroyed under photocatalytic conditions. Maness et al. 167 (1999) concluded that TiO 2 photocatalyst damaged the lipid membrane. Subsequently, essential functions 168 that rely on intact cell membrane architecture, such as respiratory activity, were lost, and cell death was 169 inevitable.
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